**Research Highlights**

\(1\) Diffusion tensor imaging could evaluate the integrity and function of the conduction system. There are few previous studies of the relationship between diffusion tensor imaging results and clinical prognosis.

\(2\) This study analyzed the relationship between diffusion tensor imaging results and motor function by assessing the integrity of the corticospinal tracts in patients with insular lesions.

\(3\) Intraoperative diffusion tensor imaging predicted motor function in patients with insular lesions. Acquiring diffusion tensor imaging early postoperatively helps to predict motor function. Continued follow-up of diffusion tensor imaging is warranted to explore the tendency of postoperative rehabilitation.

INTRODUCTION {#sec1-1}
============

Aggressive resection of tumors may result in longer patient survival. Volumetric assessment of the extent of resection found that gross total resection of tumors is associated with a low recurrence rate, and long-term tumor control\[[@ref1][@ref2][@ref3][@ref4]\]. The goal in caring for patients with lesions adjacent to the internal capsule is not only to maximize resection of the tumor, but also to maximize the duration of high-quality life by optimally balancing the risks of recurrence or progression of the tumor with surgically related adverse outcomes. Aggressive surgical strategies should be attempted only if the associated risk of new neurologic deficits can be minimized, and if methods are used to achieve maximal and safe resections. The use of intraoperative imaging systems and neuronavigation has made aggressive resection of tumors safer than ever\[[@ref5][@ref6][@ref7]\]. However, lesions involving the insular region remain surgically challenging due to the close proximity to the internal capsule, complex surrounding functional structures, including arteries and centers critical for language. Given the potential involvement of essential neural networks, controversy persists as to which strategy is appropriate for patients with insular lesions and how interventions can affect patient outcome. Several prognostic factors have been identified, including extent of resection, pathological diagnosis of lesions, patient age and functional status\[[@ref8][@ref9]\]. However, motor function deficits due to corticospinal tract impairment are a common complication of lesions adjacent to the internal capsule\[[@ref10]\]. Surgical manipulation close to the internal capsule frequently leads to impairment of the corticospinal tract. Moreover, it is not easy to evaluate whether the motor function deficit is long-term or transient. For these reasons, it is essential to evaluate the corticospinal tract adjacent to the lesion for prognostic evaluation.

Diffusion tensor imaging evaluates the integrity of white matter tracts by imaging water diffusion characteristics\[[@ref11]\]. Diffusion tensor imaging and diffusion tensor tractography are the current methods used to visualize specific white matter tracts *in vivo*\[[@ref12]\]. Many authors have reported encouraging results in corticospinal tract protection during surgery by integrating tractography of the corticospinal tract into a neuronavigation system\[[@ref13][@ref14]\]. Previous studies have demonstrated that diffusion tensor tractography is a useful technique for evaluating injuries of neural tracts in patients with traumatic axonal injury and stroke\[[@ref15][@ref16][@ref17][@ref18]\]. Diffusion tensor metrics, such as fractional anisotropy and apparent diffusion coefficient, have also been widely studied in neurological disease\[[@ref14][@ref15][@ref16][@ref17]\]. Previous studies found a positive correlation between the clinical presentation and fractional anisotropy values and abnormal fractional anisotropy values have also been reported as predictive indicators for brain injury\[[@ref16][@ref19]\]. Diffusion tensor imaging-based fiber tracking and metrics have confirmed that a tract in question remains intact, and in this state may facilitate the fiber tracking preoperatively and postoperatively\[[@ref19]\]. Compared with the normalized fractional anisotropy values for patients with normal motor function, patients with abnormal motor function demonstrated significantly decreased fractional anisotropy. However, studies of correlations between intraoperative diffusion tensor imaging findings and clinical outcomes are lacking. For these reasons, we retrospectively analyzed the preoperative, postoperative and follow-up diffusion tensor images of the corticospinal tract in a series of patients and compared them with the patients' motor function before and after surgical resection.

RESULTS {#sec1-2}
=======

Quantitative analysis of subjects {#sec2-1}
---------------------------------

We included 91 patients undergoing surgery for benign insular lobe lesions and low-grade tumors. Two patients were lost to follow-up and one refused continuous follow-up. An additional patient visited a local hospital where the MR imaging did not match our protocol. A total of 89 patients were included in the final analysis.

General data {#sec2-2}
------------

Among the 89 patients, 51 were male and 38 were female; the mean age was 43 ± 13 years (range, 16--68 years). The most common pathological diagnosis was astrocytoma (37 patients, 42%), followed by oligodendroglioma (26 patients, 29%), oligoastrocytoma (13 patients, 14%), cavernoma (nine patients, 10%) and other (four patients, 5%, including two cases of neuronal and mixed neuronal/glial tumors, and two cases of arteriovenous malformation). The majority of the lesions involved the temporal lobe (57 cases, 64%); 47 lesions (53%) involved the frontal lobe; and 21 lesions (24%) were located only in the insular lobe. Patients with no recurrence were censored as of their last imaging data. At admission, the majority of patients presented with headache (61 patients, 68%), while 15 cases (17%) presented with motor function deficits; one presented with facial muscle deficits; other symptoms included seizure, sensory deficit, and language deficit. No adverse intraoperative events or death occurred.

Motor function examination results {#sec2-3}
----------------------------------

At the postoperative motor function evaluation, 32 patients (36%) had new or worsened scores. Twenty-nine (33%) of the 32 patients had new or worsened weakness in the contralateral extremities. Seven of these 29 patients had complete recovery when discharged from the hospital, and eight patients (9%) had new or worsened facial weakness. Twelve months later, motor function examination follow-up showed that 20 of the 32 patients who had motor function deterioration postoperatively achieved complete functional recovery. In the remaining 12 cases, only one suffered from continued mild facial palsy.

We divided the 89 patients into three subgroups based on the results of the motor function examination as follows: 1) stable group: 57 patients (64%) displayed no postoperative motor function grade decrease; 2) transient deficits group: 20 patients (22%) had new motor function deficits or worsened extremities and/or facial weakness after operation, and achieved a complete recovery by the time of their last follow-up visit after 6--12 months; 3) long-term deficits group: 12 (14%) patients had new motor function deficits and/or weakness postoperatively and over a 12-month follow-up obtained incomplete recovery of their motor function compared to the preoperative status.

Changes in fractional anisotropy at various time periods in patients with different prognosis {#sec2-4}
---------------------------------------------------------------------------------------------

Twenty patients from the stable group were selected for the subsequent analyses. Normalized fractional anisotropy values from the preoperative, intraoperative and 6 to 12 months follow-up data are shown in [Table 1](#T1){ref-type="table"}.

###### 

Normalized fractional anisotropy (FA) in each group at different time periods

![](NRR-8-1400-g001)

Univariate analysis of variance showed no significant difference in age in the three subgroups, but a significant difference in normalized fractional anisotropy among the groups was found (*P* \< 0.05). Multiple comparisons demonstrated that the normalized fractional anisotropy preoperatively in the stable group was higher than in the transient deficits group or in the long-term deficits group (*P* \< 0.05). However, no significant difference was found between the transient deficits group and the long-term deficits group (*P* \> 0.05). Considering the different growth patterns of the lesions, we calculated the change rate compared to the preoperative normalized fractional anisotropy. Repeated measures analysis of variance revealed a significant difference in change ratio of normalized fractional anisotropy values between the transient deficits group and the long-term deficits group (*P* \< 0.05), and a difference between stages (*P* \< 0.05). Compared with the transient deficits group, intraoperative fractional anisotropy significantly decreased in the long-term deficits group.

Illustrative cases {#sec2-5}
------------------

Case 1: A 48-year-old male ([Figure 1](#F1){ref-type="fig"}) experienced headaches for 5 days, and was pathologically diagnosed as ganglioglioma. Preoperative T2-weighted imaging revealed a diffuse lesion extending from the right temporal lobe to the insular lobe ([Figure 1A](#F1){ref-type="fig"}). We performed fiber tracking based on preoperative, intraoperative and 12-month follow-up diffusion tensor imaging. Preoperative, intraoperative and follow-up normalized fractional anisotropy values were 0.986, 0.921 and 0.952, respectively. Postoperative and follow-up examination found no weakness.

![A 48-year-old male patient with right temporal and insular lobe ganglioglioma.\
Preoperative T2-weighted imaging (T2WI) (A) showing that the tumor involved the right insular lobe. Intraoperative (B) and 12-month follow-up (C) T2WI showing that the tumor was resected. Fiber tracking based on preoperative (D), intraoperative (E), and follow-up (F) diffusion tensor imaging was performed.\
Red indicates a predominant left-right anisotropic diffusion gradient; green represents an anterior-posterior gradient; and blue represents a superior-inferior gradient orientation. R: Right.](NRR-8-1400-g002){#F1}

Case 2: A 39-year-old male ([Figure 2](#F2){ref-type="fig"}) suffering from chronic headaches for 1 year with no other neurological deficits, pathologically diagnosed as having oligodendroglioma. Preoperative MRI revealed that the lesion was located in the left insular lobe causing ipsilateral internal capsule compression. Corticospinal tract reconstruction revealed compression and displacement of the preoperative corticospinal tract. Preoperative, intraoperative and follow-up normalized fractional anisotropy values were 1.024, 0.933 and 0.912, respectively. Postoperative and 12-month follow-up motor function examinations revealed modest weakness in the contralateral extremities (muscle test 3/5).

![A 39-year-old male olibgodendroglioma patient with long-term motor function deficits.\
Preoperative T1-weighted imaging (T1WI) (A) showing a lesion located in the left insular lobe. The left internal capsule was compressed. Intraoperative (B) and 12-month follow-up (C) T1WI showing that the tumor was resected. Preoperative diffusion tensor imaging-based fiber tracking showing that the corticospinal tract was markedly displaced to the contralateral side (D). Fiber tracking based on preoperative (D), intraoperative (E), and follow-up (F) diffusion tensor imaging was performed.\
Red represents a predominant left-right anisotropic diffusion gradient; green represents an anterior-posterior gradient; and blue represents a superior-inferior gradient orientation. R: Right.](NRR-8-1400-g003){#F2}

DISCUSSION {#sec1-3}
==========

Surgical treatment of lesions adjacent to the internal capsule carries significant risks of extremity paresis or speech disturbances because of the location.

Aggressive resection cannot be advocated without evidence of an improved outcome. The development of intraoperative techniques that involve tractography and functional magnetic resonance imaging in conjunction with neuronavigation resulted in a significant increase in the extent of resection\[[@ref20]\]. High-field intraoperative MRI-guided neurosurgery provides high-quality anatomic and functional images for interpretation. During the resection of intracranial lesions involving eloquent areas, intraoperative judgment regarding extended resection and the visualization of these areas are crucial. To overcome this problem, immediate MRI resection control procedures have been devised\[[@ref21][@ref22][@ref23]\]. The implementation of immediate MRI in standard neurosurgical procedures has been widely accepted because of the benefit of immediate confirmation of the extent of resection and the location of major fiber tracts, making additional tumor resection possible. Nimsky *et al*\[[@ref5]\] reported, with this system, that the extent of resection at the completion of the surgery was significantly increased from 76% to 96%. Using this system, safe resection and precise evaluation of the risk of postoperative complications can be accomplished. However, evaluating an individual\'s prognosis after neurosurgery remains difficult. Therefore, we sought to evaluate the integrity of corticospinal tracts in patients with insular lesions and to measure the related parameters based on diffusion tensor imaging, and to analyze whether the image results related to the motor function prognosis.

The role of diffusion tensor imaging in neurosurgical planning and postoperative follow-up is currently being defined. We used fractional anisotropy, which represents the ratio of the anisotropic component of the diffusion tensor to the whole diffusion tensor because it has been reported to be the best rotationally invariant scalar metric for measuring diffusion anisotropy\[[@ref24]\]. Basser and Pierpaoli\[[@ref24]\] attempted to validate preoperative and postoperative diffusion tensor imaging findings by comparing them to physical examination findings. The relationship between fractional anisotropy and apparent diffusion coefficient values and preoperative deficits in patients with brain tumors adjacent to the main white matter tracts has been reported. The appearance of corticospinal tracts on diffusion tensor imaging demonstrated excellent correlation with findings on motor examination\[[@ref18][@ref25][@ref26][@ref27]\]. In all patients, preoperative corticospinal tract involvement determined using diffusion tensor imaging was predictive of the presence of motor deficits, and postoperative corticospinal tract normalization on diffusion tensor imaging was predictive of clinical improvement\[[@ref28]\]. Fractional anisotropy values have been studied as an early stage indicator in evaluation of motor function deficits in many neurological diseases\[[@ref29][@ref30][@ref31]\]. Despite these findings, there are no reports on the clinical utility of intraoperative diffusion tensor imaging in neurosurgical patients for the evaluation of motor function.

Compared with previous similar studies focused on lesions adjacent to the internal capsule, clinical outcomes were unchanged in 72--85% of cases; worsened hemiparesis occurred in 15--28% and were long-term in 10--20%\[[@ref10][@ref32][@ref33]\]. In our study, postoperative motor function examination revealed that 64% of the cases were unchanged or improved. A possible reason was the more aggressive surgical strategy we adopted using intraoperative MRI. However, we did not see a greater number of cases suffering from long-term motor function deficits than previous studies.

Using the intraoperative MRI system, we acquired the diffusion tensor images immediately. Therefore, we minimized blood flow disturbances and postoperative edema. Fractional anisotropy was measured after reconstruction of the corticospinal tracts and we divided patients into three subgroups according to the motor function changes. Univariate analysis of variance results confirmed that preoperative normalized fractional anisotropy in the stable group was higher than in the transient deficits and long-term deficits groups. Possible reasons are the differences in size, location, growth pattern or distance to the corticospinal tract\[[@ref34]\]. Also, patients with high-grade histology and malignant tumors were excluded because the biological behavior of high-grade tumors is more aggressive and the natural history is shorter than for low-grade tumors. In a previous study, differences in diffusion tensor imaging fiber tracking in two pathological tumors showed how the pathological process affects the fibers\[[@ref35]\]. Tumors produce a decrease in the fiber representation because of a decrease in the diffusivity\[[@ref36][@ref37]\]. In most cases, glioma cells invade normal tissue by migrating along the white matter fibers\[[@ref36][@ref37]\]. This type of tumor invasion affects water molecule diffusion and results in a mild decrease in the fractional anisotropy value and the volume of the reconstructed corticospinal tract\[[@ref34]\]. Also, in some tumors and benign lesions, the fractional anisotropy value of the ipsilateral side is higher than the contralateral. This can be explained by the mass effect on the corticospinal tract from compression by the noninvasive tumor\[[@ref26]\]. Tumor-affected corticospinal tracts may exhibit several different patterns of structural alteration on diffusion tensor imaging, and these patterns are not yet completely explained\[[@ref34][@ref38]\]. For these reasons, in this study, the fractional anisotropy values were transformed into a change ratio of intraoperative to follow-up normalized fractional anisotropy versus preoperative values. The stable group was not included in repeated measures analysis of variance. The results revealed that compared to the transient deficits group, patients in the long-term deficits group had a significant decrease in intraoperative normalized fractional anisotropy value and lower rebound. It appears that the reduction in the ratio of normalized fractional anisotropy reflected irreversible corticospinal tract impairment and presented as poor motor function outcome. However, the patients in the transient deficits group showed a mild reduction in the ratio of normalized fractional anisotropy and presented with immediate postoperative motor function deterioration, but had a complete recovery in 12 months. The reduction in fractional anisotropy in these patients might be due to reversible injury or disturbance related to the resection. These results implied that the change ratio of intraoperative normalized fractional anisotropy might be a predictive factor for motor function outcomes in patients with lesions adjacent to the corticospinal tract.

Diffusion tensor imaging allows noninvasive mapping of white matter tractography and has been widely used in neurology; however, some technical limitations remain. Using diffusion tensor imaging-based fiber tracking, we successfully reconstructed all corticospinal tracts in our patients. The accuracy of this technique remains controversial in the literature, because of the limitations inherent in diffusion tensor imaging and fiber tracking\[[@ref39][@ref40][@ref41]\]. Some authors found that this method cannot precisely reflect the true boundary of corticospinal tracts, especially the corticospinal tract adjacent to the peritumoral area\[[@ref42][@ref43]\]. However, others confirmed that diffusion tensor imaging-based fiber tracking can reflect the course of the fiber tracts accurately. The densely packed pattern of the corticospinal tract at the internal capsule was the most suitable location for the deterministic fiber tracking algorithm and patients were excluded if their corticospinal tracts were affected excessively by the tumor or edema\[[@ref33][@ref44][@ref45]\]. Diffusion tensor tractography is software- and operator-dependent. It is important to emphasize that a low fractional anisotropy value is not equal to the absence of corticospinal tracts; corticospinal tracts may be in their normal location, but not detected by diffusion tensor imaging techniques\[[@ref45]\]. Also, diffusion tensor tractography represents the major trajectories only, and does not represent all of the fiber tracts\[[@ref46]\]. It is difficult to solve the problem of crossing fibers\[[@ref46]\]. The superior longitudinal fasciculus crosses the corticospinal tract and makes it difficult to track exactly. In fact, the results of the diffusion tensor imaging fiber tracking technique are a function of the fractional anisotropy cut-off value which is the result of a compromise between the ability to detect as many fibers as possible and still obtain a consistent fiber tracking\[[@ref35]\]. The absence of a bundle in the tracking technique does not imply that the tract is anatomically destroyed. Another issue in the study of diffusion tensor imaging is whether the diffusion tensor imaging is performed in the late or immediate period. The quality of intraoperative diffusion tensor imaging in neurosurgical tumor resections has been widely discussed\[[@ref47]\]. Echo planar imaging distortion is more obvious when approaching the cortex and brain stem. Given the high vulnerability of echo planar imaging to susceptibility-related artifacts and the frequent presence of both air and blood products in the resection cavity soon after surgery, later scanning might provide better results\[[@ref28]\]. Additionally, the superficial portion of the tract leads to problems related to distortion, especially from air-related susceptibility artifacts\[[@ref48]\]. Nevertheless, a previous study showed that an open skull did not interfere with visualization of the corticospinal tract\[[@ref49]\]. These results are associated with the fact that deep brain structures near the tract location display fewer artifacts\[[@ref20][@ref48][@ref50]\]. Therefore, a study of the corticospinal tract in this area should be reliable.

We used intraoperative diffusion tensor imaging to perform a prognosis evaluation of motor function; however, using diffusion tensor imaging early postoperatively is also helpful to predict motor function. Our study confirmed that follow-up diffusion tensor imaging could help explore the trends in recovery. Larger case numbers would be helpful to confirm our results and allow for multi-parameter correlation analysis.

We found significant differences in the change ratio of the intraoperative normalized fractional anisotropy in corticospinal tracts when we compared transient deficits patients and long-term deficits patients. However, the identification of universally applicable prognostic factors remains a challenge. Although there are many problems with the technique, the use of the fractional anisotropy value of intraoperative diffusion tensor imaging as a prognostic indicator of motor function is feasible.

SUBJECTS AND METHODS {#sec1-4}
====================

Design {#sec2-6}
------

A retrospective study in radiology.

Time and setting {#sec2-7}
----------------

Experiments were performed from February 2009 to June 2012 in the Magnetic Resonance Laboratory, Department of Neurosurgery, Chinese PLA General Hospital, China.

Subjects {#sec2-8}
--------

We collected data retrospectively on patients undergoing operation with benign lesions and low-grade tumors (World Health Organization grade I--II\[[@ref51]\]) from February 2009 to May 2011 in the Chinese PLA General Hospital.

Inclusion criteria: patients undergoing surgery at an intraoperative MR imaging-guided therapy facility. The lesion was located in the insular lobe and seen on fluid attenuated inversion recovery images as an abnormal intensity signal. Low-grade tumors (World Health Organization grade I--II) and benign lesions were included. Pathological diagnosis was performed according to the World Health Organization guidelines\[[@ref51]\]. Finally, patients were followed up for 6--12 months to observe their motor function and to acquire MRI data.

Exclusion criteria: World Health Organization grade III--IV gliomas and other malignant tumors were excluded because their biology and natural history differ substantially from low-grade tumors and benign lesions; their inclusion increased the cases lost to follow-up and therefore led to a selection bias. Cases with acute hemorrhage were excluded because of the serious progressive impairment of the corticospinal tracts which could not be distinguished from surgical disturbance. Noncooperative patients were also excluded. Functional outcomes were determined at least 6 months after operations, and deficits lasting for more than 12 months were considered a long-term deficit.

A total of 91 patients were involved. Informed consent was given by participants and family members, and the study was conducted in accordance with the *Declaration of Helsinki*.

Methods {#sec2-9}
-------

### Motor function examination {#sec3-1}

Preoperatively, postoperatively (72 hours after operation) and at each follow-up appointment, patients underwent neurological examination by two neurosurgeons. Motor function deterioration was defined as new-onset or worsening deficits related to the strength of the extremity muscles and facial muscles. Outpatient quantified neurological examinations were performed at 1--3 months, 6 months, and 12 months after surgery. Extremity motor function examination was conducted according to a muscle strength grading scale\[[@ref52]\]. The patient\'s effort was graded on a scale of 0--5: Grade 5: Muscle contracts normally against full resistance. Grade 4: Muscle strength is reduced, but muscle contraction can still move the joint against resistance. Grade 3: Muscle strength is further reduced such that the joint can be moved only against gravity with the examiner\'s resistance completely removed. Grade 2: Muscle can move only if the resistance of gravity is removed. Grade 1: Only a trace or flicker of movement is seen or felt in the muscle or fasciculations are observed in the muscle. Grade 0: No contraction is observed (total paralysis). Pathological reflex was included in the evaluation. The National Institute of Health Stroke Scale was used in facial palsy examination\[[@ref53]\]: 1) normal symmetrical movements; 2) minor paralysis: flattened nasolabial fold, asymmetry on smiling; 3) partial paralysis: total or near-total paralysis of the lower face; 4) complete paralysis of one or both sides (absence of facial movement in the upper and lower face).

### Image acquisition {#sec3-2}

Images were acquired using a 1.5 T MR (Siemens Espree, Erlangen, Germany). All the MR images were collected using the same 1.5 T scanner and the same protocol. For diffusion tensor imaging, we applied a single-shot, spin-echo, diffusion-weighted echo planar imaging sequence (echo time, 147 ms; repetition time, 9 400 ms; matrix size, 128 × 128; field of view, 231 mm × 231 mm; slice thickness, 2.7 mm; bandwidth, 1 502 Hz per pixel; diffusion encoding gradients in 12 directions using *b* values of 0 and 1 000 s/mm^2^; and voxel size, 1.8 mm × 1.8 mm × 2.7 mm). We used 45 slices, no intersection gap, 45 continuous free interval collection slices, and four repetitions. This sequence was based on a balanced diffusion gradient design which strongly minimizes eddy current artifacts compared to a single-refocused design. Several preprocessing steps were initiated before fiber tracking including eddy current correction and the calculation of the apparent diffusion coefficient and fractional anisotropy maps. Co-registered Magnetization-Prepared Rapid Gradient Echo images were recorded for anatomical guidance\[[@ref26]\].

### Image processing {#sec3-3}

The diffusion tensor imaging datasets were transferred to a PC with Windows platform. The Digital Imaging and Communications in Medicine files were converted to the 4D NifTI image format for analysis using the dcm2nii program (University of South Carolina, Columbia, SC, USA; [www.mricro.com](www.mricro.com)). We used the analysis software, diffusion tensor imaging Studio (Hangyi Jiang and Susumu Mori, Johns Hopkins University and Kennedy Krieger institute; <http://godzilla.kennedykrieger.org> or <http://lbam.med.jhmi.edu>) to process the data. Images were first realigned using the automatic image registration program to remove any potential small bulk motions that occurred during the scans. Subsequently, all diffusion-weighted images were visually inspected by the authors for apparent artifacts due to subject motion and instrumental malfunction. The six elements of the diffusion tensor were calculated for each pixel using multivariate linear fitting. After tensor diagonalization, three eigenvalues and eigenvectors were obtained and fractional anisotropy maps were calculated. The eigenvector associated with the largest eigenvalue was used as an indicator for fiber orientation. In the diffusion tensor imaging color maps, the spatial direction of the mean anisotropic diffusion gradient in each voxel was displayed graphically using different colors; red indicated a predominant left-right anisotropic diffusion gradient; green indicated an anterior-posterior gradient; and blue indicated a superior-inferior gradient orientation.

### Tractography metrics {#sec3-4}

Fiber tracking was performed using diffusion tensor imaging Studio. To visualize and evaluate the tracks, we used images commonly referred to as fractional anisotropy maps which were displayed as gray-scale maps. Areas with high degrees of fractional anisotropy were bright and areas with low degrees of fractional anisotropy were dark. We placed the regions of interest according to previously proposed protocols as follows ([Figure 3](#F3){ref-type="fig"}): one seed region included the ipsilateral cerebral peduncle in an axial plane at the level of the decussation of the superior cerebellar peduncle ([Figure 3A](#F3){ref-type="fig"}), which was located using anatomical landmarks, and the second seed region was placed on the precentral gyrus ([Figure 3B](#F3){ref-type="fig"})\[[@ref7][@ref46]\]. The reconstructed tracts of interest were obtained by excluding the fibers, which were inappropriately identified based on anatomical knowledge of tract trajectories. We used a continuous tracking algorithm for fiber assignment. A minimum fractional anisotropy value of 0.2 and an inner product threshold of 0.70 were used as the fiber termination criteria, in agreement with generally accepted practice based on typical fractional anisotropy values observed in gray and white matter\[[@ref46]\]. After the tracts were reconstructed, the mean fractional anisotropy was calculated over the tract\[[@ref54]\]. Corticospinal tract reconstruction and fractional anisotropy measurements were performed for both hemispheres. The fractional anisotropy was normalized as a relative value compared with the contralateral normal side\[[@ref36]\].

![Identification of the region of interest in diffusion tensor images during fractional anisotropy measurement.\
In the two regions of interest, one seed region included the ipsilateral cerebral peduncle in an axial plane at the level of the decussation of the superior cerebellar peduncle (A), and the second seed region was placed on the precentral gyrus (B); Sagittal view showing the level of the two regions of interest (C), and coronal view showing the reconstructed corticospinal tract (D).](NRR-8-1400-g004){#F3}

### Statistical analysis {#sec3-5}

Statistical analysis were performed using SPSS software (version 17.0, SPSS, Chicago, IL, USA). A univariate analysis of variance was used for the mean difference to test age and the normalized fractional anisotropy among groups with different motor function outcomes. When a significant difference was found, the means were compared by the Student-Newman-Keuls multiple comparison test. Repeated measures analysis of variance was used to detect significance when comparing changes in the normalized fractional anisotropy value in the transient deficits group and the long-term deficits group. A *P* value \< 0.05 was considered statistically significant.

We would like to thank Xinguang Yu, Jun Zhang, Zhenghui Sun, Jinli Jiang, Xiaodong Ma, Bo Bu and Ruyuan Zhu, from the Department of Neurosurgery, Chinese PLA General Hospital in China for their collaborative support.

**Conflicts of interest:** None declared.

**Funding:** This work was supported by the National Natural Science Foundation of China, No. 30800349; and the Natural Science Foundation of Beijing, No. 7102145.

**Ethical approval:** This pilot project was approved by the Medical Ethics Committee of the Chinese PLA General Hospital, China.

(Reviewed by Charbonneau J, Rave W, Miao YW, Yang JP)

(Edited by Wang LM, Qiu Y, Li CH, Song LP)

[^1]: Jinjiang Li, M.D., Attending physician.

[^2]: Jinjiang Li and Xiaolei Chen contributed equally to this paper.

[^3]: **Author contributions:** Jinjiang Li was responsible for data integration and analysis, writing the manuscript, and performing the statistical analysis. Bainan Xu and Xiaolei Chen participated in the study concept and design, critiqued the manuscript and obtained funding. Jiashu Zhang, Gang Zheng, Xueming Lv, Fangye Li, Shen Hu, and Ting Zhang provided technical or material support, as well as research guidance. All authors approved the final version of the paper.

[^4]: **Author statements:** The manuscript is original, has not been submitted to or is not under consideration by another publication, has not been previously published in any language or any form, including electronic, and contains no disclosure of confidential information or authorship/patent application/funding source disputations.
